Underground coal mining in India contributes to a share of 55 Mt production with more than 500 mines in operation. In spite of using the well-established CMRI-ISM Rock Mass Rating (RMR dyn ) classification system for roof support design successfully in Indian geo-mining conditions, accidents due to roof fall constitute the major challenge. These failures are generally due to the presence of weak beddings and laminations. Seismic refraction technique (for shallow depth) can be useful in detecting the rock mass conditions. Based on the study a modified rock mass classification system (RMR dyn ) was setup by incorporating field P-wave velocity with a view to arrive at a real ground condition of the in situ rock. Rock loads were also determined in the field to develop a relation with RMR dyn . A comparison of rock load estimation by CMRI-ISM RMR, numerical simulation and RMR dyn clearly depicts that the latter approach is more reliable as the results are close to the actual scenario.
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ROCK mass classification systems have constituted an integral part of empirical mine design for over 100 years 1 . An important contribution of the rock mass rating (RMR) is that the system has stimulated the development of a plethora of more specialized systems of ground evaluation, particularly in mining application 2 . It provides guidelines for stability assessment and also to select the appropriate support system 3 . Ground movement is a serious concern in underground coal mines 4 . Roof fall generally takes place due to detachment of lower strata since the redistribution of stresses takes place around the excavation made 5 . Blasting in the development faces is also one of the major causes of roof damage due to lack of free face and consequent higher order ground vibrations 6 . The strength of roof rock can be improved by installing timely supports with adequate capacity 7, 8 . Thus, proper rock load assessment and support design for mine openings are considered as major factors in the stability of the roof strata 9, 10 .
In situ seismic refraction is a technique used in the coal mine roof to determine the seismic wave velocity and the extent of weak zones in the surrounding rock 11 . In seismic characterization, the basic procedure is to generate seismic waves by a near-surface hammering, and record through geophones the resulting waves which reach the surface of the roof at different places after travelling through different paths. The positions of reflecting and refracting interfaces are deduced by analysis of the travel times of identifiable wave groups 12 . As in situ rock exhibits DIANE behaviour (discontinuous, inhomogeneous, anisotropic and non-linearly elastic) and by using the laboratory resulted factors like uniaxial compressive strength, knowledge about the occurrence and strength of the rock fracture gets delineated [13] [14] [15] . In situ P-wave velocity has been proved as a better option than compressive strength factor owing to two major grounds. First, it is calculated in field and thus takes into account in situ conditions (including the true conditions such as structure, stress and strength). Measurement of in situ P-wave velocity is a significant way to determine mechanical parameters of rock mass 16, 17 . It is useful for the purpose of rock mass characterization, including the influence of virgin and induced stresses in their entirety. Secondly, it envelops an area larger than the preceding one, thus being more representative. The eminent use of this technique is in the selection of the required support system. Counting on a formulation that contains majority of field-estimated factors, rock mass rating (RMR dyn ) will help in classifying the rocks more precisely and aid in selecting the suitable support system required, thus making it more viable from economics viewpoint also. The present study suggests a new system of rating applying seismic imaging technique by replacing the compressive strength factor in Central Mining Research Institute-Indian School of Mines Rock Mass Rating (CMRI-ISM RMR).
The study was conducted at sites 24L/15DJ and 38L/15DJ of mine no. 4 of Mahanadi Coalfield and at site 13LN/B of KTK-6 Incline mine of Godavari Valley Coalfield (Figure 1 ).
These sites were selected emphasizing the area subjected to bad and friable roof conditions in benefit of mine management for proper support design for safe workings. At 24L/15DJ of mine no. 4, the immediate roof was composed of coal and overlain by shale and sandstone, whereas at 38L/15DJ the roof was composed of sandstone. At places, slips and random joints were also observed in the sandstone layer. Mine roof was dry. At 13LN/B of KTK-6 Incline mine, the roof was composed of medium-grained sandstone. Random joints with occasional slips were observed in the sandstone. Heavy seepage of water was also observed.
Seismic imaging was done using Handy Viewer McSEIS-3 (MODEL-1817). In Figure 2 , Z 0 , Z 1 and Z 2 represent different layers in the roof, and V 0 , V 1 and V 2 are the corresponding seismic velocities. Seismic waves generated at point S travel in hemispherical form and are received by three geophones installed in the roof at predetermined distances. The rating of field P-wave velocity (c pi ), obtained by trial and error method was used to determine RMR dyn (Table 1) .
Time to distance curves were plotted for the three study sites to determine P-wave velocity of different strata (Figures 3-5 ). The P-wave velocity at all the sites showed an increasing trend towards the inner part of the roof, which clearly depicted that the immediate roof was weak in comparison to the inner strata ( Table 2) .
RMR of roof rocks using CMRI-ISM geomechanical classification system 18 was determined by measuring five parameters, i.e. layer thickness, structural features, slake durability, uniaxial compressive strength and groundwater condition at all the three sites (Tables 3-5 ). Combined RMR was computed using the following formula
where X, Y and Z are RMRs of rock mass, and A, B and C are their respective values of thickness (m).
Adjusted RMR was computed considering 10% reduction for blasting-off-solid and accordingly, status of roof condition was assessed (Table 6 ). Utilizing the key parameters of CMRI-ISM geomechanical classification system and using in situ P-wave velocity in place of uniaxial compressive strength the new RMR dyn was computed for the three study areas (Tables 7-9 ) with the same geo-mining conditions ( Table 6 ). As the in situ P-wave velocity represents the actual rock mass condition, RMR dyn was not adjusted. P-wave velocity in all the beds was greater than 1000 m/s, and hence, the fourth bed is more competent based on the principle that higher the Pwave velocity, more competent is the rock mass. Thus, weak roof was considered up to third layer only. Status of roof conditions is based on RMR dyn (Table 10) . RMR dyn values were observed to be on a higher side in relation to CMRI-ISM RMR for all the three sites, especially for the fair-to-poor roof conditions. The rock load height can be calculated in three ways: (a) by measuring the length of exposed bolt; (b) by determining the height of weak horizon in roof rock between the roof and the weak layer, i.e. lithological section, and (c) by measuring the length of extent of roof fall. Rock load height in development galleries was determined based on the lithological section (extent of weak layers) of the immediate mine roof (Figure 6 ). Rock load was determined as a product of rock load height and density of rock (Table 11) .
With the CMRI-ISM RMR system, rock load for development galleries was calculated using the following relation 
where B is the roadway width (m) and  is the dry density (t/m 3 ). Table 12 gives the values of rock load at different locations. Rock load for development galleries was calculated by RMR dyn system using the following relation 
where B and  are the same as in eq. (1). The rock load equation developed by correlating RMR dyn with the actual rock load values obtained in field (Table 11 ). Table 13 gives the values of rock load at different locations.
Numerical modelling was done using 3D finite difference software, FLAC
3D
. The geometry and geo-mining (Tables 14 and 15 ). The relations used for determining the horizontal in situ stresses and vertical stresses are S h = 2.0+ 0 .01H (in situ horizontal stresses),
S v = 0.025H (vertical stresses).
Drivages of 4.2 m  2.7 m, 3.6 m  2.8 m and 4.2 m  2.7 m were driven for the respective locations of 24L/15DJ, 13LN/B and 38L/15DJ for the formation of pillars in coal and drift in stone. Stability of the immediate roof was assessed by safety factors represented by different colour contours at different heights ( Figure 7) . The blue colour contour from 0.5 to 1 in Figure 7 shows unstable zone height. The safety factor contours obtained in the location 24L/15DJ, HR top seam for galleries were less than 1.0 and extended up to the height of 1.5 m. Thus, the rock load is expected to get mobilized up to a height of 1.5 m in the immediate roof and thus needs to be supported. Rock load obtained from modelling was 2.46 t/m 2 after multiplying rock load height with density for RMR 47. The values of rock load obtained by different estimation methods vary from actual field observations (Tables  7-11 ). Rock load was compared by RMR estimated using different techniques (Table 16 and Figure 8 ).
Rock load curve for RMR dyn was found to be on upper side, i.e. rock load is highest for RMR dyn . For instance, at RMR value of 40 the rock loads are around 6.9, 4.8 and 2.9 t/m 2 by RMR dyn , CMRI-ISM RMR and numerical modelling respectively. Rock load value was found to reduce significantly after RMR value of 42. The rock load values determined by RMR dyn were found to be in close approximation with the actual values ( Figure 9 ). Significant deviation was observed by numerical modelling owing to the fact that theoretical horizontal stresses were arrived based on established empirical relation between horizontal in situ stress and depth of cover for coal measures 19 due to absence of actual measurements of in situ stresses.
RMR determination by replacing compressive strength of rock with P-wave velocity incorporates the in situ condition of the rock for evaluating precise rock load. The value of rock load obtained from CMRI-ISM RMR was less for low RMR values (Figure 8 ), compared to the rock load obtained by RMR dyn leading to underestimation of rock load. This may be attributed to the difference in the method of assessing rock strength, adjustments Medium-to coarse-grained sandstone 28 Dry roof condition.
Medium-to coarse-grained sandstone 32 suggested to account for blast damage, depth, width of gallery, etc. Thus, rock load determination by RMR dyn was found to be more reliable among all the methods.
RMR dyn avoids repeated adjustments by adopting a quantitative approach for rock mass characterization. For lower RMR values, the rock loads could be higher whereas for higher RMR values the rock loads could be lower (Figure 8 ) due to difference in the degree of damage inflicted by blasting-off-solid. This leads to unsafe support design to over-safe designs, which can be rationalized using RMR dyn approach.
It has been observed in practice that for RMR values less than 40, roof stability problems occur while designing support system using CMRI-ISM rock mass classification system. The main cause for this may be due to the lower rock loads predicted, thus providing lower support density. Considering this limitation, RMR dyn -based rock loads were used to design supports in the mines of Godavari Valley Coalfield and Mahanadi Coalfield with better stability. The CMRI-ISM rock mass classification system postulates an overall RMR reduction of 10% due to blasting-off-solid, which is eliminated by the newly suggested system as it takes into account the actual rock mass condition existing in situ. This study presents a new approach for estimation of rock load in development galleries of coal mines based on seismic imaging of roof. Field P-wave velocity has been found to characterize the rock mass in a better way for assessing its competency. For a given rock load, the conventional CMRI-ISM RMR values were found to be on lower side in comparison to RMR dyn values at lower range of rock mass rating, which signifies that rock load values are underestimated by CMRI-ISM RMR and numerical modelling approaches. The rock loads estimated using the three approaches find reasonable correlation, with RMR dyn predicting higher values in comparison to the other approaches. The suggested RMR dyn classification system considers the key rock mass features and estimates rock loads which can lead to more effective and economic designs. This approach has been applied to limited cases and therefore requires extensive studies for further validation.
